RNAs can begin to fold immediately as they emerge from RNA polymerase. During cotranscriptional folding, interactions between nascent RNAs and ligands are able to direct the formation of alternative RNA structures, a feature exploited by noncoding RNAs called riboswitches to make gene-regulatory decisions. Despite their importance, cotranscriptional folding pathways have yet to be uncovered with sufficient resolution to reveal how cotranscriptional folding governs RNA structure and function. To access cotranscriptional folding at nucleotide resolution, we extended selective 2′-hydroxyl acylation analyzed by primerextension sequencing (SHAPE-seq) to measure structural information of nascent RNAs during transcription. Using cotranscriptional SHAPE-seq, we determined how the cotranscriptional folding pathway of the Bacillus cereus crcB fluoride riboswitch undergoes a ligand-dependent bifurcation that delays or promotes terminator formation via a series of coordinated structural transitions. Our results directly link cotranscriptional RNA folding to a genetic decision and establish a framework for cotranscriptional analysis of RNA structure at nucleotide resolution.
RNAs can begin to fold immediately as they emerge from RNA polymerase. During cotranscriptional folding, interactions between nascent RNAs and ligands are able to direct the formation of alternative RNA structures, a feature exploited by noncoding RNAs called riboswitches to make gene-regulatory decisions. Despite their importance, cotranscriptional folding pathways have yet to be uncovered with sufficient resolution to reveal how cotranscriptional folding governs RNA structure and function. To access cotranscriptional folding at nucleotide resolution, we extended selective 2′-hydroxyl acylation analyzed by primerextension sequencing (SHAPE-seq) to measure structural information of nascent RNAs during transcription. Using cotranscriptional SHAPE-seq, we determined how the cotranscriptional folding pathway of the Bacillus cereus crcB fluoride riboswitch undergoes a ligand-dependent bifurcation that delays or promotes terminator formation via a series of coordinated structural transitions. Our results directly link cotranscriptional RNA folding to a genetic decision and establish a framework for cotranscriptional analysis of RNA structure at nucleotide resolution.
As nascent RNA molecules exit from RNA polymerase (RNAP), they transition through intermediate structural states that ultimately determine RNA structure and function [1] [2] [3] [4] . Because RNA folding generally occurs faster than transcription, the 5′-to-3′ polarity of RNA synthesis directs an order of folding, or cotranscriptional 'folding pathway' , that sets the structural stage for many types of interactions that govern cellular processes such as transcription, translation, and macromolecular assembly [5] [6] [7] .
Cotranscriptional folding has been predicted to be particularly important for bacterial riboswitches 8 , a class of regulatory RNAs that control gene expression as a function of specific ligand concentration. Riboswitches contain two functional domains that may structurally overlap: a ligand-binding aptamer and an expression platform that makes regulatory decisions according to the structural state of the aptamer 8, 9 . For riboswitches that regulate transcription, ligand binding must influence folding pathways within a short time window in order to commit the riboswitch to one of two mutually exclusive pathways, either promoting or preventing intrinsic terminatorhairpin formation [10] [11] [12] [13] [14] . A number of structural studies have revealed the details of the RNA-ligand interactions of many aptamers 8 , and biochemical 15, 16 and biophysical 13, 14 studies using actively transcribing RNAP have indicated distinct RNA structural transitions during transcription. However, a complete nucleotide-resolution understanding of how ligand binding influences the folding pathway of an entire riboswitch and enables it to regulate gene expression remains lacking.
Here we introduce cotranscriptional SHAPE-seq, a method that couples in vitro RNAP arrest with high-throughput structure probing to characterize the structures of nascent RNA transcripts at singlenucleotide resolution (Fig. 1) . Cotranscriptional SHAPE-seq begins with the in vitro transcription of a DNA template library that directs the synthesis of each intermediate length of a target RNA (Fig. 1a) . Each template contains an EcoRI site at the 3′ end that, when bound by the catalytically inactive EcoRI E111Q mutant (Gln111) 17 , establishes a transcription roadblock that halts RNAP 14 nt upstream of the EcoRI-binding site 18 . Initiation of single-round transcription from this template library generates halted elongation complexes at all intermediate lengths of the target RNA that, after 30 s of transcription, are rapidly modified with the fast-acting SHAPE reagent benzoyl cyanide (BzCN) (reaction half-life of 250 ms) 19 .
After chemical modification, RNAs are extracted and processed for paired-end sequencing according to our previously developed SHAPE-seq v2.1 protocol 20 . Each paired-end read encodes the location of the halted RNAP (nascent RNA 3′ end) and the SHAPE modification position (Fig. 1b) . Reads are bioinformatically binned on the basis of RNAP position and are used to calculate a SHAPE-seq reactivity spectrum for each intermediate length of the RNA 21 . These reactivities represent flexibilities for every nucleotide within each nascent-RNA-transcript length. High reactivities are indicative of unpaired bases, and low reactivities indicate bases that are potentially involved in base-pairing, stacking, or ligand interactions 20, 22 . Comparison of reactivities at different points during transcription allows for the identification of structural-rearrangement events as transcription proceeds.
RESULTS

Cotranscriptional folding of the Escherichia coli SRP RNA
To validate cotranscriptional SHAPE-seq, we first examined the signal recognition particle (SRP) RNA from E. coli. The final folded form of the SRP RNA is an extended helical structure containing interspersed inner loops 23 (Fig. 2a) . Biochemical studies have suggested that the 5′ end forms a labile hairpin structure early during transcription that rearranges into the extended helix only after the 3′ end is synthesized 1 . To determine whether we could observe this rearrangement, we used cotranscriptional SHAPE-seq to obtain a matrix of reactivity spectra for the intermediate lengths of the nascent SRP RNA transcripts ( Fig. 2b) .
Over the course of transcription, changes in nucleotide reactivity patterns ( Fig. 2c) suggested a series of structural transitions corresponding to the early formation of a stem-loop that ultimately rearranged into the elongated SRP RNA helical structure ( Fig. 2d) . Formation of the early stem-loop structure was apparent as a cluster of highly reactive nucleotides across positions 11-18 in the loop. The pattern of high reactivity persisted until the SRP RNA reached a length of 117 nt, when the sharp drop in reactivity at these positions indicated rearrangement into the elongated helical structure. We observed similar transitions when intermediate SRP RNA fragments were refolded at equilibrium before probing ( Supplementary  Fig. 1a ), although the cotranscriptional transitions occurred later, owing to the 14-nt RNAP footprint protecting the RNA 3′ ends 24 ( Supplementary Fig. 1b) .
To further validate cotranscriptional SHAPE-seq, we repeated our analysis of the SRP RNA by using dimethyl sulfate (DMS), an RNAstructure probe that preferentially modifies unstructured A and C bases 25 (Supplementary Fig. 2) . Overall, the resulting reactivity matrix was consistent with the BzCN data, and we observed similar structural transitions in both data sets. However, the DMS data set showed weaker reactivities at G and U bases, as expected, thus limiting the overall resolution of important structural transitions as a result of the lack of A and C residues in key regions of the SRP RNA sequence.
Ligand-mediated folding of the B. cereus fluoride riboswitch
On the basis of our SRP RNA results, we expected cotranscriptional SHAPE-seq to possess the resolution necessary to reveal how alternative folding pathways are controlled during ligand-mediated transcription regulation by a riboswitch. To confirm this capability, we examined the B. cereus crcB fluoride riboswitch, which controls transcription by preventing the formation of an intrinsic terminator hairpin in the presence of fluoride 26 . Covariation and equilibrium structural analyses have suggested how the fluoride-bound and unbound forms of the aptamer domain may interact with the downstream expression-platform sequence 26, 27 (Fig. 3a) . However, the specific mechanism by which fluoride binding directs or prevents the folding of the intrinsic terminator during transcription has yet to be elucidated.
To probe the 'off ' (terminated) and 'on' (antiterminated) structural states of the B. cereus fluoride riboswitch, we generated cotranscriptional SHAPE-seq reactivity matrices in the presence of either 0 mM or 10 mM NaF, respectively ( Fig. 3 and Supplementary Fig. 3a) . Comparison of the matrices revealed ligand-independent similarities in the initial aptamer folding, which were followed by a bifurcation in the folding pathway that accompanied fluoride binding and fluoridedirected antitermination ( Figs. 3c and 4a) . Early in transcription, the B. cereus fluoride riboswitch folds into two hairpins before the formation of the aptamer, regardless of fluoride concentration. The first hairpin formed within the first ~40 nt of transcription and comprised the P1 stem and a highly reactive loop between nucleotides 11 and 16 (Supplementary Fig. 4a-c) . The second hairpin formed shortly thereafter and comprised the P3 helix and a loop that exhibited a highly reactive position at U34 and low or moderate reactivities elsewhere ( Supplementary Fig. 4d-f) .
Folding of the P1 and P3 hairpins sets the stage for folding of the aptamer. At a transcript length of 58 nt, we observed a fluoride-independent drop in the reactivity values at nucleotides 12-16 in the P1 loop, a result indicating the formation of pseudoknot PK1 between nucleotides 12-17 and 42-47 as the latter emerged from the RNA-exit channel ( Fig. 4a and Supplementary Fig. 5a ). Once PK1 is formed, the aptamer is complete 26, 27 , thus demonstrating that it first enters a preorganized state independent of ligand, as has been observed for other aptamers 28, 29 . From that point, the fate of the aptamer structure is directed by the presence or absence of fluoride.
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Construct reactivity matrix � � � Figure 1 Cotranscriptional SHAPE-seq overview. (a) A set of templates are generated, each containing an E. coli promoter, a variable-length RNA template, and an EcoRI Gln111 roadblock site. Single-round in vitro transcription (IVT) with E. coli RNAP is performed with a template library containing a roadblock site at each intermediate transcript length; this is followed by simultaneous SHAPE probing of the arrested complexes and preparation for sequencing. RT, reverse transcription. (b) Paired-end sequencing reveals the SHAPE modification position and the 3′ end of each nascent RNA transcript. Reads are binned according to transcript length and are used to calculate SHAPE reactivity profiles that are stacked to generate the reactivity matrix. Increases or decreases in reactivity between transcript lengths (L 1-3 ; rows) at particular nucleotides (columns) of this matrix reveal cotranscriptional folding events.
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The first steps in the fluoride-dependent bifurcation of the folding pathway involve fluoride-mediated aptamer stabilization. In the presence of fluoride, the P1 loop reactivities continued to decrease until a transcript length of 69 nt, thus suggesting that fluoride binding stabilizes the pseudoknot ( Fig. 4a and Supplementary Fig. 5a ). Stabilization of the fluoride-binding pocket also requires a longrange noncanonical base pair between U38 and A10 ( Fig. 3a and refs. 26, 27) , the latter of which is paired in the P1 stem before PK1 formation. In the presence of fluoride, we first observed an increase in A10 reactivity, thus indicating that PK1 formation disrupts its base pair within the P1 stem. A10 then transitioned to low reactivity at a transcript length of 58 nt, thereby indicating the formation of a long-range interaction with U38 after PK1 formation (Fig. 4a) . In the absence of fluoride, the sustained high reactivity at A10 suggested that its interaction with U38 is not favored without ligand. Our observation of fluoride-induced aptamer stabilization was further supported by distinct reactivity changes in nucleotides 22-27, which join the P1 and P3 helices but do not participate in any pairing interactions in the analogous Thermotoga petrophila aptamer domain 27 . Specifically, nucleotides 24, 25, and 27 displayed lower reactivities in the presence of fluoride ( Supplementary Fig. 5b ) after a transcript length of 58 nt. In contrast, A22 underwent a dramatic reactivity spike upon PK1 formation when fluoride was present but underwent only a modest increase in the absence of fluoride ( Fig. 4a) , thus revealing that A22 hyper-reactivity is a strong indicator of aptamer state. Together, these results support a model in which the pseudoknot forms the basis of the aptamer, which can undergo further coordinated restructuring after fluoride binding and consequently form a more stable structure with additional interactions.
After aptamer formation, the riboswitch follows one of two liganddependent folding trajectories that direct transcription termination or antitermination. When RNAP reaches nucleotide 69, the loop of the terminator hairpin begins to emerge from the RNA-exit channel ( Fig. 4a) . Without fluoride, the terminator hairpin nucleated at nucleotide 77, as observed as a decrease in reactivity in the upper terminator stem (nucleotides 52-55) ( Fig. 4a and Supplementary  Fig. 5c ). Increased reactivity in the P1 loop (nucleotides 12-16) (Supplementary Fig. 5a ) and decreased reactivity at A22 occurred concurrently, thus indicating that PK1 opens and consequently dissolves the metastable aptamer ( Fig. 4a) .
In the presence of fluoride, the stabilized aptamer promoted antitermination in two ways: (i) disfavoring complete terminator formation by sequestering part of the terminator hairpin ( Fig. 3a) and (ii) delaying terminator-hairpin nucleation until nucleotide 88, after RNAP had transcribed past the poly(U) sequence ( Fig. 4a and Supplementary Fig. 5c ). When the terminator hairpin did begin to form, high reactivities at U48 and nucleotides 69-74 indicated that only the top half of the terminator formed ( Figs. 3 and 4a) , and the ribosome-binding site (RBS; nucleotides 67-72) was left accessible for translation of the downstream fluoride transporter 26 (Supplementary  Fig. 5d ). Thus, fluoride binding fundamentally alters the cotranscriptional folding pathway of the B. cereus fluoride riboswitch by stabilizing an RNA structure that promotes transcription via antitermination and translation by RBS exposure. Supplementary Fig. 9a ). Source data for b and c are available online.
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Riboswitch mutants alter folding pathways in defined ways
Previous work on the B. cereus fluoride riboswitch has examined mutations in the aptamer and terminator stem 26 . Each mutation confers distinct changes in ligand binding and termination capability that correspond to its location in the riboswitch ( Supplementary  Fig. 3b-d) . Therefore, we used these mutants to both corroborate our interpretations of the wild-type (WT) fluoride-riboswitch cotranscriptional SHAPE-seq data ( Figs. 3 and 4) and uncover details of how individual mutations affect the cotranscriptional folding and function of the riboswitch ( Fig. 5 and Supplementary Figs. 6 and 7) .
We first sought to corroborate our interpretation of structural transitions that lead to aptamer formation by analyzing mutants that disrupt PK1 formation. Mutant M19 (U45A C46U) (Fig. 5b,c) disrupts base-pairing in both PK1 and the terminator stem. Mutants M18 (G13A A14U) (Supplementary Fig. 6a-c) and M22 (M19 and M20 mutations) ( Supplementary Fig. 6d-f ) disrupt PK1 folding but maintain base-pairing in the terminator stem. Consequently, M18, M19, and M22 are unable to properly form the fluoride aptamer and were therefore fluoride insensitive, as observed in functional in vitro termination assays (Supplementary Fig. 3d) . From a structural perspective, we observed this defect in aptamer formation as a lack of pronounced differences in cotranscriptional SHAPE-seq data sets for these mutants in the presence or absence of fluoride, and as an absence of transitions reflecting aptamer formation and stabilization. The most notable signature of fluoride insensitivity was consistently high P1loop reactivities in either the presence or absence of fluoride, thus indicating that PK1 did not form in these mutants. Furthermore, A22 remained weakly reactive compared with the WT riboswitch across all transcript lengths (Fig. 5b,c and Supplementary Fig. 6 ), a result further supporting the interpretation that reactivity measurements Supplementary Fig. 9c,d) . Source data are available online. Fig. 3d ). As expected, we observed similar reactivity patterns within the matrices from M23 and the WT riboswitches during the formation of the aptamer domain; this result indicated that restoring base-pairing was sufficient to reproduce a near-native folding pathway ( Fig. 5d,e ). However, similarly to M21, M23 contains weakened base-pairing in PK1 and does not form a stable aptamer as readily as the WT riboswitch in the absence of fluoride, as seen in the absence of an increase in reactivity at A10 near a transcript length of 58 nt. The analysis of M23 demonstrates that the overall folding pathway and decision-making events of the fluoride riboswitch can be enacted by different RNA sequences.
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Cotranscriptional SHAPE-seq accesses kinetically trapped RNA structures
We next sought to assess whether cotranscriptional SHAPE-seq accesses nonequilibrium kinetically trapped folded states of nascent RNAs. To do so, we directly compared our results to an equilibrium analysis whereby RNAs were equilibrium-refolded before probing. To equilibrium-refold all fluoride-riboswitch intermediates, we first generated all of the intermediate transcript lengths, as done for cotranscriptional SHAPE-seq, but extracted, denatured, and equilibriumrefolded the RNAs in transcription buffer before chemical probing.
In our comparison, we found two main differences between the cotranscriptional and equilibrium experiments that indicated that the cotranscriptional experiments probe nonequilibrium folding states ( Fig. 4b and Supplementary Fig. 8 ). Because cotranscriptional SHAPE-seq experiments probe RNAs that exist as part of a transcription elongation complex, only folding events involving nucleotides that have left, or are within, the RNA-exit channel of RNAP can be observed. Figure 3b . (b) As in a, except that the RNAs were transcribed, extracted, denatured, and equilibrium-refolded in transcription buffer with either 0 mM (gray) or 10 mM NaF (black) before SHAPE modification. The lack of divergence between the equilibrium refolding trajectories indicates that cotranscriptional folding is required to obtain alternate ligand-dependent structures. Results shown are extracted from the matrices presented in Supplementary Figure 8a . Source data are available online.
at A22 are a strong indicator of aptamer state. Together, these data support the conclusion that aptamer formation is necessary for the ligand-dependent bifurcation of the fluoride-riboswitch folding pathway that leads to the regulation of terminator formation. We next sought to examine how interactions between the aptamer and intrinsic terminator coordinate structural changes leading to the bifurcation of the folding pathway. Mutant M20 (G69A A70U) contains base substitutions in the 3′ terminator stem that render the intrinsic terminator nonfunctional but does not disrupt the WT aptamer domain (Supplementary Fig. 3b-d) . Mutant M21 (M18 and M19 mutations) restores PK1 base-pairing but, like M20, does not form a complete terminator stem. As anticipated, the M20 and M21 mutants were nonfunctional, owing to inactivation of the terminator, but underwent all transitions associated with aptamer formation and fluoride binding (Supplementary Fig. 7a-c) . Interestingly, M21 displayed consistently high P1-loop reactivity in the absence of fluoride and showed delayed formation in the presence of fluoride, thus suggesting that PK1 does not stabilize as readily for this mutant, probably because of the replacement of a G-C base pair in PK1 with A-U. However, the characteristic increase in A22 still occurred, thus suggesting PK1 still formed, but in a smaller fraction of the folded population. Together, these results indicate that M20 and M21 undergo nearly all of the transitions observed in the WT system and are nonfunctional only because the mutations disrupt the final event in termination formation.
To further corroborate our observations of the WT system, we analyzed the M23 mutant (M18, M19 and M20 mutations), which restores base-pairing in both PK1 and the terminator stem (Fig. 5d,e) . M23 was able to form the fluoride aptamer and was therefore capable of binding fluoride and, in the absence of fluoride, of terminating
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During equilibrium refolding, however, RNAP is not present to prevent the 3′ end of the transcript from folding with the rest of the RNA, thus causing the structural transitions to occur at shorter transcript lengths than those observed with cotranscriptional SHAPE-seq. Specifically, we observed ligand-independent folding of PK1 (via decreases in P1-loop reactivities) at a transcript length of 47 nt with equilibrium refolding ( Fig. 4b and Supplementary Fig. 8 ) as opposed to the length of 58 nt (Figs. 3 and 4a) observed in cotranscriptional probing of the arrested elongation complexes. In cotranscriptional SHAPE-seq experiments, a transcript length of 58 nt corresponds to a point at which nucleotide 47 is expected to be leaving the RNA-exit channel. We also observed shifts in structural transitions to earlier lengths during equilibrium refolding for the SRP RNA (Supplementary Fig. 1a,b) .
The second piece of evidence supporting the capture of nonequilibrium RNA structures is the distinct fluoride-independent behavior of the P1 loop at longer transcript lengths in the equilibrium refolding experiments. Specifically, equilibrium refolding produced a sharp fluoride-independent rise in the reactivities of the P1-loop nucleotides over transcript lengths of 66-69 nt, thus indicating the complete opening of PK1 in either the absence or presence of ligand (Fig. 4b) . However, in the cotranscriptional SHAPE-seq experiment, PK1 remained stabilized at longer transcript lengths in the presence of fluoride. The observed deviation from equilibrium structures indicated that the RNAs probed in cotranscriptional SHAPE-seq were out of equilibrium.
From these results, we concluded that equilibrium refolding does not permit meaningful analysis of the cotranscriptional folding pathways of the fluoride riboswitch beyond a transcript length of 66 nt, because terminator-hairpin formation is thermodynamically favored regardless of fluoride concentration. However, this observation is crucial because it reveals the relative thermodynamic favorability of the terminator structure over the aptamer. Furthermore, in the terminated structure, G68 pairs with C47, and the latter participates in the last base pair of PK1 within the aptamer. Thus, the loss of a single base pair in PK1 to pairing in the terminator stem is sufficient to preclude aptamer folding in favor of terminator folding. This thermodynamic tipping point corresponds well to the cotranscriptional opening of PK1 at a transcript length of 77 nt in the absence of fluoride. During transcription without fluoride, the instability of PK1 may allow terminator base-pairing to extend into the RNA-exit channel, thereby favoring the terminated structure.
A model of the folding pathway and decision-making process of the B. cereus fluoride riboswitch that combines these observations with the cotranscriptional analysis of the WT and mutant systems is shown in Figure 6 .
DISCUSSION
We developed cotranscriptional SHAPE-seq to facilitate the experimental characterization of cotranscriptional RNA folding at nucleotide resolution. Furthermore, we demonstrated that cotranscriptional SHAPE-seq interrogates the structure of nonequilibrium, kinetically trapped nascent RNAs and consequently generates functionally meaningful structural information. Replicate data sets for the E. coli SRP RNA and the B. cereus crcB fluoride riboswitch showed that the technique is highly reproducible (Supplementary Fig. 9) .
When interpreting cotranscriptional SHAPE-seq data, it is important to consider the relative timescales of RNA folding and RNA synthesis as well as the advantages and limitations of chemical RNA-structure probing. Whereas the uninterrupted nucleotide-addition cycle of E. coli RNAP occurs at 50-100 nt/s (10-20 ms/nt) 30 , simple RNA folding events such as base-pair melting occur on a microsecond-to-millisecond timescale 31 , and larger conformation changes occur on the order of seconds to tens of seconds. Although it is desirable, interrogation of RNA folding on the microsecond-to-millisecond timescale is inaccessible with even the most fast-acting SHAPE probe, BzCN, which reacts with a half-life of 250 ms (ref. 19 ). This inaccessibility is further exacerbated by chemical probes, such as DMS, with reaction times on the orders of minutes 32 . Furthermore, in its current form, the temporal resolution of cotranscriptional SHAPE-seq is restricted by the manual manipulation of samples and the need to halt transcription elongation complexes before RNA probing. Thus, the power of cotranscriptional SHAPE-seq lies not in temporal sensitivity but in the capability of capturing single-nucleotideresolution 'snapshots' of kinetically trapped intermediate folds that have not equilibrated within the seconds timescale of the experiment. As such, it complements single-molecule force spectroscopy, which measures RNA structural changes during transcription with a high temporal resolution but a low spatial resolution 14 . Despite its limitations, as described above, the resulting SHAPE-seq reactivity profiles facilitate the identification of distinct nucleotide signatures that indicate the nascent-RNA structural state and the observation of major conformational rearrangements that occur as the RNA sequence is synthesized. Although cotranscriptional SHAPE-seq occurs on timescales much longer than the rate of transcription, this aspect does not preclude its use in analyzing the role of transcription dynamics in RNA folding. Transcription pausing, which can occur on the seconds timescale, has been shown to play a critical role in RNA folding through studies of several RNAs, including the E. coli SRP RNA 1 and the btuB coenzyme B12 riboswitch 33 . By itself, cotranscriptional SHAPE-seq does not directly measure transcription pausing, because transcription roadblocks obscure the observation of pause distributions, and the saturating NTP concentrations used are not conducive to precise measurement of transcription pausing 34 . However, the structural states probed at a specific length of RNA would reflect any folding afforded by a transcription pause upstream of that length. Therefore, the consequences of altering native transcription dynamics on RNA folding would be observable in cotranscriptional SHAPE-seq data sets.
Finally, it is important to consider that the stochastic nature of cotranscriptional RNA folding produces an ensemble of structural conformations. Because SHAPE-seq measurements are made in bulk, reactivity profiles reflect an average over this ensemble. Interestingly, this average can be seen by comparing equilibrium-refolded SHAPEseq matrices and cotranscriptional SHAPE-seq matrices: the latter generally show blurrier transitions that probably reflect the probing of a subpopulation of molecules that have not yet made the specific transitions (comparison of Fig. 2b with Supplementary Fig. 1a , and of Fig. 3b with Supplementary Fig. 8a) . Detection of modification sites by mutational profiling (MaP) 35 may be able to access information about the folding pathways of subpopulations if the MaP strategy can robustly detect the modification of RNA by BzCN.
We used cotranscriptional SHAPE-seq to evaluate the RNA folding pathway of a fluoride riboswitch and in this context identified molecular signatures of aptamer folding and ligand binding as well as the precise point at which the nascent RNA mediates a genetic decision (Fig. 6) . In agreement with force spectroscopy analysis of pbuE adenineriboswitch cotranscriptional folding 14 and biochemical analysis of the folding pathways of the btuB coenzyme B12 riboswitch 33 , our results indicated that the crcB fluoride riboswitch is controlled by the kinetics of its cotranscriptional folding events. Despite this similarity, there are key differences in the cotranscriptional folding pathways of the adenine and fluoride riboswitches, at the levels of both ligand sensing and the stability of the ligand-bound aptamer, which suggest that these riboswitches use different overall strategies to make gene-regulatory decisions. One clear difference is in aptamer folding. Whereas the pbuE adenine aptamer has not been observed to fold in the absence of adenine 14 , our data indicate that the crcB fluoride aptamer adopts an 'unstable' folded state in the absence of fluoride on the timescales of our experiment ( Fig. 4a and Supplementary Fig. 5a ). The fate of the fluoride-bound crcB aptamer is also distinct from the fate of the adenine-bound pbuE aptamer, which rearranges into an aptamer-disrupted structure after antitermination. In contrast, the crcB fluorideriboswitch aptamer is kinetically trapped and remains stable for at least 30 s in the presence of fluoride, even after terminator nucleation ( Figs. 3  and 4a) . The origin of this distinction may be functional in nature: whereas the pbuE adenine riboswitch functions at the transcriptional level, the crcB fluoride riboswitch may exert dual transcriptional and translational control over gene expression by simultaneously preventing complete terminator folding and exposing a ribosome-binding site that would otherwise be sequestered within the terminator hairpin (Fig. 5d) . These mechanistic distinctions between folding of fluoride and adenine riboswitches suggest diversity in the mechanisms through which cotranscriptional RNA folding can direct targeted RNA functions, such as ligand sensing and genetic control. A fundamental understanding of the relationship between RNA folding and function may be achieved with a broad characterization of the cotranscriptional folding pathways Figure 6 A model for ligand-dependent cotranscriptional folding of the B. cereus fluoride riboswitch. The folding pathway for the fluoride riboswitch begins with initial aptamer folding. If fluoride binds (right), the prefolded aptamer then stabilizes through specific interactions, thereby leading to delays in the early folding stages of the intrinsic terminator hairpin, which does not nucleate until RNAP has escaped the poly(U) tract. However, if there is no fluoride binding (left), the top of the terminator hairpin quickly folds, thereby disrupting the pseudoknot and reaching into the RNA-exit channel and allowing the full terminator hairpin to trigger transcription termination. Intermediate structural states are inferred from cotranscriptional SHAPE-seq reactivities, covariation analysis 26 , and crystallographic data 27 .
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of diverse riboswitches and comparative studies of the conservation of RNA folding pathways for specific riboswitch variants, both of which are now afforded by our cotranscriptional SHAPE-seq technique. The work presented here provides an experimental means through which to answer fundamental questions about how the cotranscriptional nature of RNA folding directs RNA structure and function. We anticipate that the integrated analysis of measurements made with cotranscriptional SHAPE-seq and complementary biophysical, biochemical, and computational techniques should provide a powerful framework with which to understand the roles of cotranscriptional folding in regulating broader cellular processes.
